Introduction
============

Chemotherapy is one of the most effective methods in guiding therapy decisions. However, the abnormal activation of cell signaling and aberrant changing of some oncogenes often cause uncontrolled drug resistance, relapse and metastasis. Multidrug resistance (MDR) is responsible for the major causes of failure in cancer chemotherapy, by which tumor cells resistant to a single class of cytotoxic drugs can simultaneously become insensitived to other chemotherapy drugs that have similar structures and targets [@B1]. Nearly three decades of research on MDR have revealed the mechanisms, including repairing of DNA damage, changing of drug target structure and the most important paradigm of increased energy-dependent efflux of anticancer agents by ABC transporters. ABC transporters often overexpressed in the majority of drug-resistant tumors [@B1], [@B2], and act as protectors of tumor cells by changing drug concentrations in both intracellular and extracellular environments. It has been reported that overexpression of ABC transporters proteins including P-glycoprotein (P-gp), multidrug resistance protein (MRP) and breast cancer resistance protein (BCRP) is one of the major reason account for MDR, which can reduce the ability of drugs by transporting them out of the cells through activating ATP hydrolysis [@B3]. What\`s more, ABC transporters can mediate the transport of a broad spectrum of drugs, such as doxorubicin, cisplatin, vincristine, methotrexate, and even the effective chemotherapy drugs Tyrosine kinase inhibitors are also substrates of them [@B4]. Therefore, an important potential means of reversing drug resistance in tumors is by restraining ABC transporters [@B5].

EMT is an important biological process in the progression of malignant tumors. It cannot only enhance the ability of tumor cells to invade and metastasize [@B6], but also grant them stem cells properties [@B7], [@B8]. During the malignancy progression, tumor cells tend to develop resistance characteristics [@B9], [@B10]. The mechanisms that EMT induces resistance to chemotherapy drugs are complex and have received close attention. Recent studies suggest that EMT may cause overexpression of ABC transporters, thereby promoting drug resistance in tumor cells [@B11], [@B12].

Through the dynamic biological conversion process of EMT, we explored the potential regulatory mechanisms of ABC transporters in EMT microenvironment, EMT transcription factors and EMT-related miRNA (Fig. [1](#F1){ref-type="fig"}). From these perspectives, we discuss the complex signals between EMT and ABC transporters, linking tumor invasion and metastasis with MDR characteristics. Thus, we are designed to provide a new insight for cancer research.

1. ABC transporters and their roles in tumor progression {#Section1}
========================================================

Chemotherapy drugs need to undergo complex pharmacokinetics processes, including absorption, distribution, metabolism and elimination, when they are playing a therapeutic role in the human body. However, ABC transporters have been identified as key determinants for pharmacokinetics processes of many antitumor drugs. They utilize ATP hydrolysis to stimulate the efflux of drugs from tumor cells, making this a challenging process in chemoresistance. Several ABC transporters can be accounted for the resistance to variety anticancer drug in tumor cells. Identification of the crystal structures of p-gp and some other efflux pumps have deeply facilitated ABC transporters inhibitors designing and chemoresistance research.

P-gp is the earliest and most typical ABC transporter that has a large variety of functions and substrates [@B13]. It is encoded by ABCB1 gene, also known as the multidrug resistance gene (MDR1). P-gp has a broad-spectrum, multidrug efflux pump and its substrates include doxorubicin, docetaxel and etoposide, implying that a very special structure in its space [@B14]. P-gp contains two transmembrane domains and two ATP-binding domains, and each transmembrane domain contains six fragments. The actions of transmembrane domains are believed to function as drug-binding sites of P-gp, which can stimulate ATP hydrolysis and drug efflux caused by conformational change [@B15]. Tumor cells who exhibit high P-gp expression may have intrinsic or acquired resistance to chemotherapy. Determining whether a chemotherapy drug can be transported by P-gp may provide important information for predicting the drug efficacy. In addition, researchers also described the possibility that P-gp might play a critical role in regulating cell differentiation, proliferation and metastasis. However, sometimes a single block of ABC transporters cannot be a good reversal of drug resistance, because there are also other efflux pumps for tumor cells to employ.

Although P-gp-mediated MDR has been found in many tumor cell lines, not all drug resistance in tumors is mediated by P-gp, prompting further research on drug transporters. MRP has 13 members with sizes range from 1325 to 1545 amino acids, which is encoded by the ABCC gene family [@B15], [@B16]. MRP1/ABCC1, considered as the second major efflux pump, is one of the MRP members and its capacity for drug efflux prevents effective treatment of a range of anticancer drugs such as methotrexate and vincristine [@B15]. Overexpression of MRP1 has been found in many kinds of tumors where it plays a significant role in tumor defense, conferring a drastic relapse in patients. Some clinical investigation even showed the overexpression of MRP1 and treatment for MRP1 seem to be more effective than target P-gp.

Many chemotherapy drugs, such as mitoxantrone, are not good substrates for P-gp and MRP. For investigating the transport process mediating resistance to mitoxantrone, researchers discovered the third ABC transporters BCRP, which is encoded by ABCG2 [@B17]. BCRP is comprised of only one ATP-binding domain and a transmembrane domain, which are different from that of P-gp and MRP. BCRP\`s broad substrate specificity has brought new challenges to the fight against MDR. Chemoresistance in breast cancer, lung cancer, leukaemia and other cancers was found to be significantly related to the presence of the ABCG2 gene, and many reports considered ABCG2 as an adverse prognostic risk factor in human cancer [@B18]-[@B20]. This evidence could be summarized as the main course of drug transport and make it possible to predict the tumor progression in chemotherapy.

2. EMT and cancer stem cells in chemoresistance {#Section2}
===============================================

With increasing awareness about tumor progression, researchers hypothesized that chemotherapy can kill most of tumor cells except for a small part, composed of cancer stem cells(CSCs), which are the root cause of malignant tumors [@B21], [@B22]. CSCs can simultaneously lead to higher rates of invasion, metastasis and resistance to chemotherapy. The relationship between EMT and CSCs is critical for the development of tumors. Many molecular switches in EMT have been found to be associated with the generation and cross correlation properties of CSCs. EMT-triggered chemoresistance in CSCs has attracted much attention in recent years [@B10], [@B23]. During tumor development, EMT induces a loss of polarity in epithelial cells, decreasing cells adhesion and changing from epithelial cells into mesenchymal cells. As a result of EMT, tumor cells show characteristic features of CSCs with superior tumorigenic effects, and develop more powerful drug resistant properties that promote tumor recurrence and metastasis [@B24], [@B25]. There is growing evidence of the potential role of EMT in the development of drug resistance. Patients with EMT and resistance to chemotherapy often show a poorer quality of life than those who do not develop EMT [@B26].

CSCs can develop chemoresistance owing to their ability to repair DNA damage, resistance to apoptosis and aberrant expression of ABC transporters [@B27]. We suggest that EMT-mediated CSCs may be associated with chemoresistance induced by overexpression of ABC transporters. SOX2 is well-established transcription factors in regulating EMT, which was also described to enhance CSCs properties in tumor cells. CSCs markers CD44, OCT4 and NANOG can be positively regulated by overexpression of SOX2 in head and neck squamous cell carcinoma(HNSCC). This study also shows that SOX2 can increase the number of cisplatin-resistant tumour cells by upregulating ABCG2 [@B28]. Doxorubicin-resistant Breast cancer cell MCF-7/ADR-1024 displayed a E-cadherin disappeared and N-cadherin, ZEB-1/2, Slug, Twist, vimentin increased phenotype as well as oncospheres formation with CD44 high/CD24 low CSCs surface marker expression [@B29]. Compared with drug-sensitive cells, the increasing of EMT-associated mesenchymal proteins in colon cancer cells grant them more resistant to enzastaurin, whereas E-cadherin was absent and MDR1 was also highly expressed in these enzastaurin-resistant cells [@B30]. Qu et al [@B31] observed that the expression of ABCG2 and P-gp were significantly higher than that of prechemotherapy tissues. ABCG2 and P-gp expressions were significantly positively correlated with vimentin expression but negatively correlated with E-cadherin expression, providing further important evidence for the association of EMT and MDR. Current views favor the model that the chemoresistant tumors often show a high expression of EMT markers and CSC properties. Although there are a lot of markers remain to be identified, it is reasonable to assume that EMT will not only play a single role in tumor invasion, but also involve in regulating drug transporters.

3. Underlying cell signaling network in regulating EMT and ABC transporters {#Section3}
===========================================================================

Several cell signalings and molecules have been identified to participate in regulation of MDR and EMT, such as PI3K/AKT, TGF-β, HIF-1, NF-κB, EGF. Many of these elements have been identified in a complex community of tumor environment, then involved in the downstream cascade of signal transduction. This evidence may imply that the significance of the underlying cell signaling network in modulating EMT and expression of ABC transporters.

Hypoxia is an important feature of the tumor microenvironment which can induce EMT [@B32]. Under hypoxia conditions, tumor angiogenesis is greatly stimulated to increase the supply of nutrients. Tumor cells can up-regulate ABC transporters under hypoxia environment [@B33], thereby altering the absorption profile of the drug. The initial response of cancer cells to hypoxia is the activation of HIFs that regulate a number of functional genes involved in cell survival, angiogenesis, EMT and chemoresistance [@B34], [@B35]. HIF-α can stimulate the MDR1 gene expression through binding with the hypoxia response element (HREs) on MDR1 promoter [@B36], [@B37]. Hypoxia can also cooperate with other oncogenic pathways such as NF-κB pathway to generate the chemoresistance in tumor cells. Bentires-Alj et al [@B38] found that NF-κB is activated and migrates to the nucleus, playing a regulatory role in P-gp expression. Interestingly, NF-κB is also critical for the induction and maintenance of EMT in mammary epithelial cells by up-regulating Ras [@B39], indicating the role of NF-κB as EMT and P-gp inducers. Hence, hypoxia tumor environment can synchronically drive EMT process as well as facilite chemoresistance, which highlight the potential surviving mechanism during tumor progression.

The microenvironment can also influence EMT by altering metabolism, secretion and other functions, thereby affecting the generation and development of malignancy. TGF-β is the most common EMT inducer and an important cytokine in the tumor microenvironment, and it can also increase ABC transporters expression [@B40]. This phenomenon suggests that tumor cells can promote autocrine and paracrine leading to the development of tumor metastasis and drug resistance. The expression of proteins in the ABCC subfamily was up-regulated during EMT in the breast cancer cell line MDA-MB-468 using EGF, accompanied by a decrease in E-cadherin and an increase in mesenchymal molecules [@B41]. However, Takano et al have [@B13] established RLE/Abca3 cells by introducing ABCA3 gene into wild-type RLE-6TN cells. But the effect of TGF-β displayed increased EMT markers and decreased ABCA3 mRNA in RLE/Abca3 cells. Compared with RLE/Abca3 cells, the expression of ABCA3 in A549 and H441 cells was not significantly affected by TGF-1. Yin et al [@B42] found that ABC transporters were reduced in TGF-β-induced EMT. This conclusion is contrary to our view, and the actions of TGF-β in regulating ABC transporters remains to be diversified. This may probably due to different regulatory effects of TGF-β on different ABC proteins or different experimental samples.

4. EMT transcription factors as regulators of ABC gene expression {#Section4}
=================================================================

EMT involves the loss of epithelial cell gene expression and the formation of a program of mesenchymal gene expression, in which E-cadherin reduction is the most important feature. Some EMT-related transcription factors (TFs) enter the nucleus and inhibit E-cadherin expression, whereas activate N-cadherin, vimentin and other mesenchymal gene expression [@B8], leading to changes in adhesion and polarity of epithelial cells. Once the generation of mesenchymal phenotype-related molecules starts, the ability of invasion, metastasis and resistance to chemotherapy can be greatly enhanced. Thus, EMT-related TFs play a major role in regulating ABC transporters expressions (Table [1](#T1){ref-type="table"}).

*EMT transcription factors and ABCB1 (P-gp).* Zhu et al [@B43] found a positive correlation between upregulation of Twist1 and P-gp expression in cervical cancer. Twist1 silencing in Hela was accompanied with expression and function abatement of P-gp, and increased cell sensitivity to cisplatin. This result provides a new therapeutic target for the control of drug-resistant cervical cancer. Tsou et al [@B29] have observed that the expression of the EMT TFs ZEB1/2, Slug and Twist as well as MDR1 were increased in doxorubicin resistant breast cancer cells MCF-7/ADR-1024. EMT properties in MCF-7/ADR-1024 (treated with 1024 nM of doxorubicin) had higher migration ability than wild type of MCF-7, indicating a correlation between the EMT phenotypes and P-gp-mediated drug resistance. Overexpression of Snail in MCF-7 cells has exhibited insensitivity to adriamycin but not contribute to the expression of P-gp. Compared with MCF-7/pcDNA cells, MCF-7/Snail cells could express more P-gp protein when treated with adriamycin [@B44]. Thus, a strategy for suppressing EMT TFs expression can lead to a significant reduction in P-gp production and induce the sensitivity to chemotherapy.

*EMT transcription factors and ABCG2 (BCRP).* Snail was highly correlated with BCRP expression in MCF-7/snail cells, and the transfer of Snail into MCF7 cells presented an increased in their resistance index to mitoxantone [@B45]. Hamada et al [@B46] found that the transcription factor MSX2 can induce EMT, which then binds to the ABCG2 promoter and upregulates ABCG2 expression through SP1 recruitment. SOX2 has an abnormal expression in HNSCC, and it is recognized as an important EMT transcription factor. As we mentioned above, SOX2 is also known to be associated with CSCs trait. Screened EMT mediators found that snail was significantly down-regulated when using shSOX2 interference in HNSCC, and meanwhile, ABCG2 expression was also down-regulated thereby attenuating their cisplatin resistance [@B28]. These data suggested that SOX2 plays a critical role in drug resistance and invasiveness of HNSCC. Furthermore, there is an increase in protein expression for ABCG2 in human thyroid papillary carcinoma TPC-1 mitoxantrone-resistant cell line compared with TPC-1. A significant up-regulated in ZEB1 and TWIST were detected in TPC-1 mitoxantrone-resistant cell, indicating a good correlation with ABCG2 expression level. After knockdown of the ZEB1 gene for 72 h, a significant reduction in ABCG2/BCRP gene expression was observed [@B47].

*EMT transcription factors and ABCC (MRP).* In a study of 5-FU resistant hepatocellular carcinoma cells (HCC), quantitative RT-PCR data showed that E-cadherin was down-regulated and Twist1 was up-regulated in the cells. In addition, ribonucleotide reductase expression decreased and MRP5 expression increased, indicating that EMT and MRP5 in 5-FU played an important regulatory role in resistant HCC [@B48]. Bhuvanalakshmi et al [@B49] found that secreted frizzled-related protein 4 (sFRP4) worked as a tumor suppressor that can inhibit the expression of the EMT TFs Snail, Slug and Twist and the chemotherapy resistance genes ABCC2 and ABCC4.

5. MiRNA: Link EMT and ABC transporters {#Section5}
=======================================

MiRNAs are small endogenous RNA molecules of 20-24 nucleotides and are involved in post-transcriptional gene expression in plants and animals. MiRNAs guide the binding of the RNA-induced silencing complex to the 3′-UTR region of the target mRNA, thereby inhibiting its translation and even inducing target mRNA degradation. MiRNAs have a complex regulatory network that can regulate the expression of multiple genes through a single miRNA. There is substantial evidence that miRNAs play an important role in EMT and drug resistance in tumors [@B50]. Haenisch et al [@B51] have summarized examples of miRNA-regulated ABC transporters, particularly in the process of P-gp production, which is affected by multiple miRNAs [@B52]. We believe that miRNA is an essential molecule linking EMT and ABC transporters (Fig. [2](#F2){ref-type="fig"}).

The miRNA200 family, which comprises five members, is a hotspot in cancer research and plays an important role in diagnosis and therapy of tumor metastasis [@B53]. In EMT, the miR200 family can play a negative regulatory role to restrain tumor invasion and metastasis [@B54]-[@B56]. MiR200 can directly target the 3′-UTR region of ZEB1 and ZEB2 and maintain the epithelial phenotype by upregulating E-cadherin production. However, ZEB1 and ZEB2 can reverse the upstream of the miR200 to form a negative feedback loop [@B57]-[@B59]. Chen et al [@B60] found that miR200 inhibited MDR1 expression in breast cancer cells, thereby increasing the susceptibility of the cells to doxorubicin. This case indicated that miR200 is commonly down-regulated in patients with breast cancer resistant to chemotherapy. MiR138 upregulation in cells can reduce P-gp production to reverse MDR properties [@B61]. In another study, miR138 can target ZEB2, vimentin, Rho and other mesenchymal proteins, leading to tumor cell invasion and motor function disorders then inhibiting EMT [@B62]. MiR122 and miR145 can inhibit EMT and ABC transporters thus suppress the ability of metastasis and drug resistance [@B63]-[@B66]. All these studies demonstrate that miRNAs participate in the crosstalk signalling network of EMT and ABC transporters expression, and mediate the processes of drug distribution and tumor metastasis.

Other miRNAs can upregulate EMT and ABC transporters. These miRNAs often play a role as oncogenes when they are highly expressed in tumor cells. miR21 has been shown to mediate tumor cell proliferation, apoptosis and autophagy, and its expression is associated with MDR. MDR1 gene expression can be significantly inhibited by suppressing miR21 [@B67]. Furthermore, miR21 can activate the AKT/ERK pathway to promote EMT biological processes by targeting PTEN [@B68], [@B69]. miR27a inhibits E-cadherin and raf kinase inhibitor to induce EMT [@B70], [@B71], conferring resistance to gefitinib, doxorubicin and cisplatin. On the other hand, MDR1 gene expression has a positive correlation to miR27a; miR27a can bind to the MDR1 promoter, playing a similar role in transcription factor regulation [@B72]. Hence, we can see that miRNA mediate complex cross-regulation mechanisms between EMT and ABC transporters. To inhibit metastasis and MDR of tumor cells can simultaneously proceed from the above miRNAs. It is anticipated that miRNAs will be used clinically as biomarkers of drug resistance.

6. Perspectives: The ABC transporters and EMT Paradigm {#Section6}
======================================================

The invasion and metastasis of tumors are controlled by various regulating mechanisms. During EMT progression, the development of drug-resistance in tumors has a serious impact on the effectiveness of cancer drug therapy. Although there was little direct research on the relation between ABC transporters and EMT, previous studies have demonstrated some potential correlation between EMT and ABC transporters [@B11], [@B12]. Hence, getting insight into the interaction between EMT and ABC transporters is critical for understanding the molecular and cellular mechanisms underlying chemoresistance development.

Several studies described EMT-related TFs are crucially participate in this complex network of ABC transporters regulating drug resistance and cell survival. The changing of p-gp expression can be due to the upstream cell signalings of EMT such as NF-κB pathway. Inhibition of NF-κB pathway displayed a decrease in P-gp and EMT-related TFs like Slug and Twist. Twist1 is a highly conserved transcription factor in EMT and have a novel function in maintaining cisplatin-resistant of Hela cells by its relationship with P-gp[@B41]. Previous study also depicted the aggravating effect of snail as an inducer of EMT. Positive correlations between Snail and BCRP were proved in the experiment, which further demonstrated an interaction between EMT and multidrug resistance [@B43]. These results indicated a novel target to overcome tumor resistance through suppressing EMT upstream TFs. However, these TFs can be easily disturbed by extracellular signaling, which was derived from troublesome tumor microenvironment. Tumor local conditions often exist in hypoxia, which can trigger a cascade of cellular signaling and lead to tumor angiogenesis and a variety of nutrients supply. Thereinto, HIF-α, a direct production of hypoxia, is well-known to drug-resistance and also recognized to induce EMT by upregulating TFs. Taken together, these elements can stimulate the signal transduction processes in tumor cells, such as the TGF-beta pathway, the NF-κB pathway and the PI3K/AKT pathway, which not only induce EMT but also contribute to the proliferation of tumor cells and insensitivity of chemotherapy [@B40],[@B48].

In addition, accumulating evidence showed that miRNAs play a major role in modulating ABC transporters and EMT biomarkers. Most of the miRNA research conducted to investigate their roles in regulating EMT and ABC transporters mainly focused on miR200 family [@B53]. Most studies have identified miR200 as an inhibitor of EMT and MDR1 that can suppress cancer progression. Other miRNAs like miR138, miR122 and miR145 can reverse MDR and EMT properties through inhibiting the expression of their fundamental molecules. However, there are also some miRNAs develop a malignancy in tumor progression. MiR21 can inhibit PTEN thereby rouses PI3K/AKT pathway that affects tumor migration and upregulates MDR1 [@B67], [@B69]. Similarly, down-regulation of miR27a could confer an increase in E-cadherin and sensitivity of P-gp-related chemotherapy [@B72]. Since miRNAs involve in multiple steps in tumor progression, a combination of inhibition of EMT and drug-resistance may be utilized by selectively targeting certain miRNAs. Recent studies also proved that miRNAs are differentially expressed in CSC subpopulation, which was described as the culprit of cancer malignancy. The identification of CSCs also attracted renewed attention on the role of EMT in drug resistance. Therefore, EMT is not only involved in CSCs initiating and maintaining, but also can contribute to CSCs insensitivity to chemotherapy. Based on the above analysis, a proposed strategy to overcome and circumvent EMT can probably block metastasis, ABC transporters and the maintenance of CSCs characteristics. What\'s more, it is unclear whether it can regulate the ABC transporters using the correlation between EMT and ABC transporters in normal tissues, so as to change the distribution of drugs and reduce the side effects of chemotherapy.

It should be noted that this study only concentrates on the positive relationship between EMT and ABC transporters. However, the reverse process of EMT - mesenchymal-epithelial transition (MET) - is believed to help tumor cells establish secondary lesions. During MET, active elements are corpuscles, adopting a loss of migratory with the changing of cell morphology and re-expressing hallmarks of epithelial cells. From this point of view, whether MET affects the interaction among miRNAs, TFs and ABC transporters remains unknown. Moreover, the tentative network is not appropriate for all the conditions. Its limitations notwithstanding, future study should be focused on the dynamic behavior of ABC transporters in the process of tumor metastasis.

The crosstalk of EMT property and tumor resistant has proved to be quite fruitful. Recent advances in tumor cytology and molecular biology have led to a better understanding of the relationship between EMT and ABC transporters. The above evidence and paradigm between EMT and ABC transporters can be applied to develop and design novel therapeutic targets, which not only help us to understand the development of tumors, but also play a critical role in the diagnosis, treatment and prognosis of tumors.
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![miRNAs have a complex regulatory network that can regulate EMT and ABC genes: miRNAs such as miRNA122, miRNA 138, miRNA145, miRNA200 can not only inhibit mesenchymal markers, but also act as ABC transporters suppressor. miRNA21 and miRNA27a often promote EMT progression and upregulate ABC transporters expression that mediate the processes of drug distribution.](jcav08p2319g002){#F2}

###### 

Comparative analysis of the relationship between EMT TFs and ABC transporters in different tumor cells

  ABC transporters   EMT TFs               Tumor cell types                                                        Referred anticancer drugs   Reference
  ------------------ --------------------- ----------------------------------------------------------------------- --------------------------- -----------------------------
  P-gp/MDR1          Twist1                Cervical cancer cells, Hela                                             cisplatin                   Zhu et al \[43\]
                     ZEB1/2, Slug, Twist   Breast cancer cells, MCF-7/ADR-1024                                     doxorubicin                 Tsou et al \[29\]
                     Snail                 Breast cancer cells, MCF-7/sanil treated with adriamycin                adriamycin                  Li et al \[44\]
  BCRP/ABCG2         Snail                 Breast cancer cells, MCF-7                                              mitoxantone                 Chen et al \[45\]
                     MSX2                  Pancreatic Cancer Cells, B7 and B21                                     5-FU                        Hamada et al \[46\]
                     SOX2                  Head and neck squamous cell carcinoma cell line, SNU1041                cisplatin                   Lee et al \[28\]
                     ZEB1                  Thyroid papillary carcinoma cell line, TPC-1                            mitoxantrone                Mato et al \[47\]
  MRP5/ABCC5         Twist1                Two 5-FU-resistant hepatocellular carcinoma cells, HLF-R4 and HLF-R10   5-FU                        Uchibori et al \[48\]
  ABCC2, ABCC4       Snail, Slug, Twist    Glioblastoma multiforme cell lines, U87 and U373 treated with sFRP4     temozolomide                Bhuvanalakshmi et al \[49\]
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